Nitric oxide (NO) synthesis is up-regulated in inflammatory bowel disease. However, its role in the pathophysiology of this condition is controversial. The aims of this study were to assess whether nitric oxide administration ameliorates experimental colitis and to determine the possible mechanisms underlying its effects on intestinal inflammation. For this purpose, the NO donor diethylamine NONOate (DETA/NO; 0.01, 0.1, 1, 5, or 10 mg/kg/day), or the DETA moiety, was administered daily to mice with dextran sulfate sodium-induced colitis. Daily body weight and colonic pathologic alterations at Day 10 were determined. Leukocyte endothelial cell interactions in colonic venules were assessed with intravital microscopy, and expression of endothelial cell adhesion molecules was determined using radiolabeled antibodies. IL-12 and IFN-␥ production were measured in intestinal tissue. Colitis induced a significant loss of body weight, reduction of colon length, and increase in colon weight and myeloperoxidase activity. Administration of 1 mg/kg/day DETA/NO significantly attenuated these pathologic changes. The marked increase in leukocyte rolling and adhesion in colonic venules of colitic mice were significantly reduced by administration of 1 mg/kg/day DETA/NO. Development of colitis was associated with a marked increase in endothelial expression of intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and P-selectin. Supplementation with NO significantly attenuated the up-regulation of endothelial intercellular adhesion molecule-1 and P-selectin, but not vascular cell adhesion molecule-1, in colonic tissue. NO abrogated the increase in IL-12 and IFN-␥ mRNA expression in the colon of colitic mice. The DETA moiety alone did not have any effect on any of the parameters studied. In conclusion, exogenous NO supplementation significantly ameliorates dextran sulfate sodium-induced colitis. This effect is related to a reduction in leukocyte recruitment and proinflammatory cytokine production. (Lab Invest 2002, 82:597-607).
T he proposal of a potential role of nitric oxide (NO) in the pathophysiology of inflammatory bowel disease (IBD) has aroused much discussion, and evidence for and against the cytotoxicity of NO in this pathologic process has been produced. It is difficult to conclude from the existing literature whether the presence of NO on the inflamed colon participates in the progression of the inflammatory response and tissue damage or whether it has a beneficial effect, preserving the mucosa and preventing leukocyte recruitment towards the intestinal tissue.
NO production by constitutive forms of NO synthase (NOS) is critical to the maintenance of tissue and vasculature integrity, neurotransmission, and motility in the gastrointestinal tract under physiologic conditions (Lefer and Lefer, 1999; Stark and Szurszewski, 1992) . It is well recognized that inducible NOS (iNOS) activity (Boughton-Smith et al, 1993; Rachmilewitz et al, 1995a) , along with nitrite and citrulline concentrations (Middleton et al, 1993; Rachmilewitz et al, 1995a) , is increased in ulcerative colitis and Crohn's disease. Immunolocalization of iNOS in ulcerative colitis and Crohn's disease occurs in foci of inflammation and is associated with goblet cell depletion and ulceration (Boughton-Smith et al, 1993) .
To assess the role of NO in the pathophysiology of IBD, the in vivo effects of NO synthesis inhibition have been extensively studied in various models of experimental colitis. Inhibition of NO production using the nonspecific NOS inhibitor N G -nitro-L-arginine methyl ester has produced ambiguous results. Indeed, authors have reported significant amelioration (Hogaboam et al, 1995; Rachmilewitz et al, 1995b) , no protection (Conner et al, 2000) , and even further exacerbation (Pfeiffer and Qiu, 1995) in various colonic inflammatory parameters including macroscopic alterations, tissue myeloperoxidase (MPO) activity, or histologic changes. Moreover, in a model of spontaneous chronic colitis in the rhesus monkey, which closely resembles IBD in humans, administration of selective inhibitors of iNOS activity did not provide any therapeutic benefit in terms of macroscopic damage and diarrhea status (Ribbons et al, 1995) . Evidence shows that genetically modified mice that specifically lack the iNOS gene develop a more severe colitis than wildtype mice in response to acetic acid (McCafferty et al, 1997) or trinitrobenzene sulfonic acid instillation (Mc-Cafferty et al, 1999) ; this supports the view that NO may play a potential protective role in the inflammatory response during flares of IBD.
Exogenous NO supplementation has been proved to prevent leukocyte-endothelial cell interactions and microvascular dysfunction in different models of intestinal inflammation; this anti-inflammatory effect seems to be related, at least in part, to modulation of expression of different adhesion molecules (Lefer and Lefer, 1999) . There is also a growing body of evidence supporting a key role for IL-12 in the pathogenesis of a variety of T helper 1-driven inflammatory responses in the intestine, including dextran sulfate sodium (DSS)-induced experimental colitis in mice (Neurath et al, 1995) , and NO has been shown to downregulate IL-12 synthesis by macrophages in vitro (Huang et al, 1998) . Furthermore, in a recent study, Wallace and collaborators demonstrated an enhanced anti-inflammatory effect of NO-releasing mesalamine, compared with the conventionally used 5-aminosalicylic acid molecule, in the treatment of experimental IBD .
Based on these observations, we hypothesized that supplementation of colitic mice with exogenous NO could be beneficial in reducing the inflammatory response in the colonic tissue. We explored the mechanistic basis of this potential effect by studying the effects of NO supplementation on endothelial adhesion molecule expression, leukocyte-endothelial cell interactions, and proinflammatory cytokine production in the intestine.
Results

Clinic and Colonic Inflammatory Parameters
DSS-induced colitis in mice (n ϭ 22) provoked a significant loss in body weight that was maximal at Days 7 and 8 after the induction of colitis (7.8 Ϯ 2.27% body weight loss). After Day 8 most mice started to regain weight and showed a percentage of body weight loss at Day 10 of 2.87 Ϯ 3.2%. Administration of a daily dose of the NO donor diethylamine NONOate (DETA/NO) (1 mg/kg; n ϭ 21) attenuated the percentage of body weight loss in DSS-colitic mice ( Fig. 1A) , whereas administration of the same dose of the DETA moiety alone (n ϭ 16) did not. Significant differences in body weight loss between PBS-treated and DETA/NO-treated colitic mice were observed from Day 7 after the induction of colitis and maintained until the end of the study (Day 10). By contrast, no differences in the reduction of body weight were observed between PBS-treated mice and those receiving the DETA moiety alone. Other doses of DETA/NO tested (0.01, 0.1, 5, and 10 mg/kg/day) did not significantly influence body weight loss ( Fig. 1B) . Treatment with DETA/NO did not affect exposure to DSS; in all treatment groups, water consumption during DSS administration was similar, ranging from 4.2 to 5.9 ml/mice/day. Compared with controls (n ϭ 10), DSS-induced colitic mice treated with PBS or with DETA alone (n ϭ 12) had a significant increase in colon weight and a decrease in colon length at Day 10 after the induction of colitis (Fig. 2 ). Administration of DETA/NO (1 mg/ kg/day) to colitic animals resulted in a prevention of the increase in colon weight and the decrease in colon length relative to control animals (Fig. 2) . Treatment with other doses of DETA/NO had no significant effect on colon weight and length in colitic mice (data not shown). The significant beneficial effects of treatment with DETA/NO at the dose of 1 mg/kg on the aforementioned colonic parameters and the wasting syndrome was consistently confirmed in additional groups of animals studied to define the mechanisms of action of DETA/NO.
At the histologic level, DSS colitis was characterized by the appearance of mucosal erosions, acute and chronic inflammatory infiltrates, crypt loss and distortion, and epithelial hyperplasia, as evaluated by a blind observer following previously described criteria (Cooper et al, 1993) . A significant increase in MPO activity in colonic tissue was also demonstrated. Although the histologic score was not significantly ameliorated by NO supplementation (vehicle: 57 Ϯ 15, DETA alone: 63 Ϯ 8, DETA/NO 1 mg/kg: 48 Ϯ 11), MPO activity was significantly reduced by treatment with DETA/NO at doses of 0.1 and 1 mg/kg but not by administration of the DETA moiety alone (Fig. 3 ).
Nitrite Levels in Plasma
In vehicle-treated colitic animals, plasma nitrite/nitrate levels were significantly higher than in noncolitic mice (23.8 Ϯ 1 M vs 14.4 Ϯ 1 M, p Ͻ 0.05). Administration of DETA/NO to colitic mice at the dose that produced significant amelioration of colitis (1 mg/kg/day) significantly increased plasma nitrite/nitrate levels (30 Ϯ 2 M, p Ͻ 0.05) relative to the vehicle-treated colitic group, whereas lower doses of DETA/NO (0.01 mg/ kg/day and 0.1 mg/kg/day) produced nonsignificant changes in plasma nitrite levels (22.48 Ϯ 3 M and 25.88 Ϯ 2 M, respectively). Administration of higher doses of NO (5 mg/kg/day and 10 mg/kg/day) further and significantly (p Ͻ 0.05) increased plasma nitrate levels in colitic mice (60 Ϯ 10 M and 71 Ϯ 12 M, respectively) relative to animals treated with 1 mg/kg/day.
Endothelial Adhesion Molecule Expression in Colitis: Effect of NO Treatment
Because maximum differences between those animals receiving DETA/NO or placebo were observed at Day 7 after DSS induction of colitis, this was the time point chosen for evaluation of adhesion molecule expression. Values for colon endothelial surface area per gram of tissue, estimated from endothelial binding of intercellular adhesion molecule (ICAM)-2, were similar in control mice and colitic animals treated with (Table 1) . Therefore, values for endothelial binding of antibodies against ICAM-1, vascular cell adhesion molecule (VCAM-1), P-selectin, or E-selectin were not corrected for changes in endothelial surface area relative to organ weight that might result from edema or capillary recruitment in colitic animals.
Seven days after the induction of colitis, vehicletreated mice showed a significant up-regulation in the endothelial expression of P-selectin, ICAM-1, and VCAM-1 in the cecum and distal colon, as compared with control mice (Table 1 ). E-selectin endothelial expression, which was absent under baseline conditions, was not increased within 1 week after induction of colitis (data not shown). Supplementation of colitic mice with DETA/NO significantly decreased P-selectin and ICAM-1 up-regulation in the colonic microvasculature (Table 1) , whereas administration of DETA alone (n ϭ 4) did not modify the expression of these adhesion molecules compared with vehicle-treated colitic mice (ICAM-1: 756 Ϯ 71 vs 838 Ϯ 81 ng/gm tissue, P-selectin: 78 Ϯ 8 vs 62 Ϯ 9 ng/gm tissue, respectively). Supplementation of colitic mice with DETA/NO had no significant effect on VCAM-1 up-regulation associated with colitis (Table 1) .
It is noteworthy that P-selectin and VCAM-1 colonic expression significantly correlated with the percentage of body weight loss. P-selectin (r ϭ 0.97, p Ͻ 0.01) and VCAM-1 (r ϭ 0.95, p Ͻ 0.01) expression was maximal in those animals exhibiting a higher body weight loss, in vehicle and NO-treated animals.
Leukocyte-Endothelial Cell Interactions in Colonic Venules: Effect of NO Treatment
Observation of colonic venules from colitic animals by intravital microscopy at Day 7 after colitis induction revealed a significant increase in the flux of rolling leukocytes, as well as a significant decrease in their rolling velocity, compared with control mice (Fig. 4 , A and B). Treatment of colitic mice with DETA/NO attenuated the increase in leukocyte rolling flux and restored leukocyte rolling velocity to levels similar to those of control mice (Fig. 4, A and B ). More importantly, the marked increase in leukocyte adhesion present in venules of colitic mice was significantly reduced by treatment with the NO donor, whereas treatment with the DETA moiety alone did not have any effect on these parameters (Fig. 4C) .
To test whether the decrease in ICAM-1 and P-selectin expression as a result of treatment with DETA/NO can be implicated in the attenuation of leukocyte-endothelial cell interactions in colonic venules during colonic inflammation, we treated colitic animals with blocking anti-ICAM-1 and anti-P-selectin antibodies. The flux of rolling leukocytes was significantly reduced in colitic animals treated with these antibodies (73 Ϯ 11 vs 25 Ϯ 5 cells/minute, p Ͻ 0.01), but the adhesive response was the same as in colitic animals not receiving the antibodies (4.6 Ϯ 0.4 vs 4.6 Ϯ 0.8 cells/100 m, p ϭ NS).
Proinflammatory Cytokine Production
Plasma levels of IL-12 were undetectable in both control or colitic animals as measured by ELISA. Levels of IL-12 protein in colonic samples of control and colitic mice were measured by Western blot, and Figure 5A shows representative bands. The presence of three distinct bands of the IL-12 dimer is consistent with variable glycosylation of the monomer as has been previously described (Heinzel et al, 1997) . Interestingly, some IL-12 protein was detected in control mice. The mean optical density ratio of control mice (n ϭ 2) was taken as 1, and each band was expressed as a fold increase of this mean. Figure 5B shows that the mean fold increase for colitic mice (n ϭ 3) was 2.5 and that treatment with exogenous NO (n ϭ 3) yielded IL-12 levels similar to those of noncolitic mice. 
Figure 2.
Colon weight (A) and length (B) in control animals and colitic mice treated with vehicle, DETA/NO 1 mg/kg/day, or the DETA moiety 1 mg/kg/day. Administration of the NO donor, but not DETA, significantly reduced the increase in colon weight in colitic mice and prevented the reduction in colon length. * p Ͻ 0.05 vs control noncolitic mice; ϩ p Ͻ 0.05 vs vehicle-treated colitic mice.
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The increase in IL-12 protein levels in colitic animals was associated with an increase in IL-12 mRNA as measured by semiquantitative RT-PCR. Again, basal mRNA expression of both IL-12 subunits (p40 and p35) was detected in colonic samples from control animals. IL-12 p40 and p35 mRNA levels increased significantly in colitic mice, and this increment was abrogated in animals treated with DETA/NO (Fig. 6A ). In colitic animals, the severity of colitis assessed as reduction in body weight relative to basal, significantly correlated with the fold induction in IL-12 (r ϭ 0.88, p Ͻ 0.02). IFN-␥ message levels changed in parallel with IL-12, with significant increments in colitic mice relative to controls (Fig. 6B) . A highly significant correlation was observed between IL-12 and IFN-␥ message levels in animals with DSS-induced colitis (r ϭ 0.93, p Ͻ 0.01). Treatment of colitic mice with DETA-NO resulted in a significant reduction of IFN-␥ message levels in colonic tissue (Fig. 6B ).
Discussion
NO donors have been extensively used in experimental models of inflammation with striking benefits on prevention of leukocyte adhesiveness and migration as well as microvascular barrier preservation. Antiinflammatory actions of NO include regulation of adhesion molecule expression, prevention of platelet aggregation, stimulation of cGMP synthesis, modulation of iron-catalyzed oxidation reactions, and inhibition of lipid peroxidation (Lyons, 1995) . NO has been shown to have a direct cytoprotective effect on endothelial, vascular smooth muscle, or splanchnic visceral cells controlling microvascular permeability (Aoki et al, 1990) . NO also participates in the control of the immune response and in mucosal defense and repair in the gastrointestinal tract (Whittle, 1997) . However, because NO production is enhanced in IBD, limited effort has been devoted to explore the potential ben- Leukocyte-endothelial cell interactions in colonic venules. Colitis is associated with a marked increase in the flux of rolling leukocytes (A), a reduction in rolling velocity (B), and an increase in firm leukocyte adhesion (C). Treatment with 1 mg/kg/day of DETA/NO significantly reduced rolling and firm adhesion interactions. *p Ͻ 0.05 vs noncolitic mice; ϩ p Ͻ 0.05 vs vehicle-treated colitic mice.
Figure 5.
A, Measurement of IL-12 p70 heterodimer expression by Western blotting in colonic protein samples from control mice (n ϭ 2) and vehicle-treated (n ϭ 3) or 1 mg/kg/day DETA/NO-treated (n ϭ 3) colitic mice. The immunoblot was hybridized with an anti-mouse IL-12 p70 heterodimer antibody. Detection with an anti-actin antibody was used as an internal marker. B, Mean data after analysis of the IL-12 p70 band intensity expressed as a ratio of the actin band for the various groups. The intensity of IL-12 p70 band in control mice was equated to 1; other bands were expressed as a fold increase over this level. Weak bands are observed in control animals, and a 2.5-fold increase in band intensity appears after induction of colitis. Treatment with DETA/NO reduces IL-12 p70 levels to those of control mice. * p Ͻ 0.05 vs control noncolitic mice. ϩ p Ͻ 0.05 vs vehicle-treated colitic mice. The current study confirms that in the DSS-induced model of colitis, there is a significant increase in plasma NO metabolites (nitrite/nitrate) as compared with control animals. Administration of DETA/NO, at a dose that increased plasma nitrite concentrations (1 mg/kg/day) in colitic mice, significantly reduced the wasting syndrome associated with DSS-induced colitis, reducing body weight loss and ameliorating pathologic colonic changes (ie, increase in colon weight and colon shortening) that correlate with the severity of colitis in this experimental model. Although treatment with exogenous NO did not significantly modify colitis histologic score, it reduced neutrophil infiltration as measured by the MPO activity. The specificity of the action of NO is shown by the lack of effect of the DETA moiety of the NO-donor molecule alone in any of the parameters of colonic inflammation.
The beneficial effect of exogenous NO supplementation was observed in only a very narrow dose range (0.1 to 1 mg/kg/day), with lower or higher doses being ineffective. This may explain the apparent discrepancy between our results and those of Wallace et al (1999) showing that an aspirin derivative that releases NO over a prolonged period of time did not affect the severity of trinitrobenzene sulfonic acid-induced colitis. Differences between the two studies in the model of colitis and the NO donor molecule used might also explain the discrepant observations.
The mechanism through which DETA/NO reduced the severity of colonic injury may be related to several of its actions, including attenuation of leukocyte endothelial cell interactions (Gauthier et al, 1994) , prevention of microvascular fluid and protein leakage (Kubes and Granger, 1992) , and attenuation of microvascular dysfunction (Kurose et al, 1994; Lefer and Lefer, 1999) . The observed ability of the NO donor to diminish leukocyte rolling and adhesion in colonic postcapillary venules suggests that this could be one of the reasons for its anti-inflammatory activity in the context of colitis. Leukocyte-endothelial cell interaction is a finely regulated process governed by adhesion molecules expressed on leukocytes and endothelial cells. The results of the current study demonstrate that expression of endothelial adhesion molecules P-selectin, ICAM-1, and VCAM-1 is markedly up-regulated in the DSS model of colitis. These results are in agreement with previous clinical and experimental studies in other models of colitis showing similar results (Nakamura et al, 1993; Sans et al, 1999 ). Furthermore the current study suggests that up-regulation of P-selectin and VCAM-1, but not ICAM-1, does indeed have a direct relationship to the severity of colitis, because the level of expression of these adhesion molecules strongly correlated with body weight loss. In fact, a critical role for VCAM-1mediated cellular interactions has been demonstrated in this model of experimental colitis by means of selective immunoblockade (Soriano et al, 2000) .
The significant reduction in leukocyte rolling and adhesion in intestinal venules of colitic mice in response to treatment with DETA/NO was coincident with a decreased expression of P-selectin and ICAM-1. This observation is in keeping with previous evidence showing that NO may down-regulate stimulated expression of ICAM-1 (Spiecker et al, 1998) and P-selectin (Murohara et al, 1996) in vitro and also suppresses up-regulation of these adhesion molecules in vivo in response to ischemia and reperfusion (Salas et al, 1999) . The lack of effect of NO supplementation on VCAM-1 expression was an unexpected result of the current study, given the existing evidence that exogenous NO donors may down-regulate cytokine-induced VCAM-1 expression in cultured endothelial cells in vitro (Spiecker et al, 1998; Takahashi et al, 1996) and the critical role of this adhesion molecule as a mediator of leukocyte adhesion in this experimental model of colitis (Soriano et al, 2000) . However, a recently published in vivo study suggests that NO may not modulate VCAM-1 expression in a model of colitis, because inhibition of NO synthesis did not alter the enhanced levels of VCAM-1 expression in colitic severe combined immunodeficiency mice reconstituted with CD4 ϩ , CD45RB high T cells, and VCAM-1 up-regulation in response to a high-dose of TNF-␣ is similar in wild-type mice and animals with genetic deficiency of iNOS (Kawachi et al, 1999) .
The reduced P-selectin expression in colitic animals treated with DETA/NO is a plausible mechanistic explanation for the reduction in leukocyte rolling in response to exogenous NO supplementation, because treatment with an anti-P-selectin antibody reduced leukocyte rolling to a similar extent as treatment
Figure 6.
A representative 2% agarose gel of RT-PCR products. IL-12 (p40 and p35 subunits), IFN-␥, and ␤-actin (internal marker) RT-PCR products are shown for colonic tissue taken from control (n ϭ 2), vehicle-treated (n ϭ 2), or DETA/NO-treated (n ϭ 2) colitic mice. Vehicle-treated colitic mice have higher expression of mRNA for IL-12p40, IL12p35, and IFN-␥ than control mice. Treatment with 1 mg/kg/day DETA/NO reduces the levels of mRNA expression of these cytokines compared with vehicle-treated colitic mice.
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with DETA/NO. However, the reduction in ICAM-1 expression does not seem to be the main cause of the decreased leukocyte adhesion in DETA/NO-treated mice because immunoblockade of ICAM-1 did not affect firm leukocyte adhesion in intestinal venules. Nevertheless, immunoneutralization experiments were performed by administration of a single blocking dose of the antibodies at Day 7 after the induction of colitis, and we cannot rule out the possibility that sustained reduction in expression of P-selectin and ICAM-1 as a result of daily administration of exogenous NO may have contributed to diminished colonic damage and neutrophil recruitment into the colon.
Among other possible molecular mechanisms that may account for the anti-inflammatory effects of NO in IBD, some seem to be of special relevance. First, NO is known to reduce nuclear factor-B binding to DNA and attenuates signal-initiated degradation of I B␣ (Chen et al, 1999) , therefore inhibiting transcription of nuclear factor-B-dependent genes, including P-selectin, ICAM-1, and iNOS itself (Fowler et al, 1999) . NO has also been shown to modulate IL-12 synthesis in vitro, because macrophage IL-12 production is markedly enhanced by N G -monomethyl-L-arginine but profoundly inhibited by S-nitroso-N-acetyl-penicillamine (Huang et al, 1998) , and this cytokine seems to play a central role in the pathophysiology of experimental colitis as shown by the remarkable beneficial effects of treatment with an IL-12-neutralizing antibody (Neurath et al, 1995) . In the current study, we observed that treatment of colitic mice with DETA/NO induced a significant reduction of IL-12 protein and message levels in intestinal tissue of colitic mice, which was associated with a significant reduction of IFN-␥ transcription. Because IL-12 is a major inducer of T helper 1 cells, which produce IFN-␥ that activates macrophages to produce more IL-12, these data suggest that NO may act as an inhibitor of this feedback loop, preventing excessive amplification of T helper 1 cells, which are implicated in the pathogenesis of DSSinduced colitis.
A potential protective role of NO in human IBD is supported by the findings of higher colonic NO induction in patients with collagenous colitis, a process with scarce inflammatory infiltration and absence of mucosal damage, than in ulcerative colitis (Lundberg et al, 1997) . Although ulcerative colitis and collagenous colitis are distinct disorders, with differing etiopathogenesis, the lower NO concentrations observed in active ulcerative colitis compared with collagenous colitis may reflect impaired compensatory NO production by iNOS, in a condition characterized by increased formation of oxidant radicals.
In summary, the results of the current study demonstrate that administration of an NO donor has a significant therapeutic effect in DSS-induced experimental colitis, with a reduction in the clinical wasting syndrome and pathologic colonic alterations. These beneficial effects depend, at least in part, on the reduction in leukocyte recruitment into the inflamed colon and the inhibition of the production of a key proinflammatory cytokine such as IL-12. These re-sults, along with the observation of Wallace et al (1999) that NO-releasing mesalamine is more effective that mesalamine alone in the treatment of experimental IBD, form a rational basis for testing the administration of NO donors as adjuvant therapy in human IBD.
Methods
Animal Model of Colitis
Experimental colitis was induced in male CD1 mice weighing 28 to 30 gm (Iffa Credo, Lyon, France) by administering 5% (wt/vol) DSS (molecular weight 40 kd; ICN Biomedicals Inc., Costa Mesa, California) in drinking water ad libitum for 4 days. Mice were killed at Days 7 or 10. Body weight, presence of blood in excreta, and stool consistency were determined daily.
NO Administration
DETA/NO (Calbiochem, La Jolla, California), an NO donor with a half-life of 56 hours, was administered subcutaneously once daily to colitic mice, at doses of 0.01, 0.1, 1, 5, or 10 mg/kg (12 mice per group). The first dose of DETA/NO was given 5 hours before the administration of DSS. Additional groups of colitic animals were injected daily with vehicle (PBS) or DETA alone at a dose of 1 mg/kg/day. DETA alone was obtained by diluting the same DETA/NO in PBS at pH 7.4; this was filtered and kept in sterile conditions in a laminar flow hood for 5 days (approximately two half-lives of NO release) to allow all the NO to evaporate.
On Day 10, animals were killed by an overdose of ketamine (Ketolar; Parke-Davis Inc., Morris Klein, New Jersey) and xylazine (Sigma, Madrid, Spain). The colon was excised and opened by a longitudinal incision, rinsed with saline, and weighed; its length was measured after exclusion of the cecum. Distal colon samples (Х 20mg) were then excised, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for later assay of MPO activity, which has been previously used as a measure of neutrophil infiltration (Yamada et al, 1992) . MPO activity was assessed according to the technique described by Bradley et al (1982) ; results are expressed as units per gram of tissue. To evaluate histologic damage, colonic samples were fixed in 4% formalin and embedded in paraffin; sections (5 to 7 m) were stained with hematoxylin and eosin following standard procedures. Stains were assessed by a single pathologist (Antonio Salas) in a blinded fashion. Colitis was graded quantitatively according to a previously defined criteria, which takes into account the extension of mucosal injury, expressed as percentage relative to total colon length, and lesion depth (Cooper et al, 1993) .
Measurement of Endothelial Adhesion Molecule Expression
P-selectin, E-selectin, ICAM-1, ICAM-2, and VCAM-1 expression was measured in the following groups of mice (n ϭ 5 per group): control mice and DSS-induced colitic mice receiving either PBS or DETA/NO (1 mg/ kg/daily). Expression of ICAM-1 and P-selectin was also measured in additional groups of colitic mice treated with the DETA moiety of the NO donor molecule. All these studies were performed at Day 7 after induction of colitis because symptoms of colitis started to wane at this time point. ICAM-2, which is constitutively expressed on endothelial cells and is not up-regulated in response to cellular activation, was measured as an estimation of endothelial surface area relative to tissue weight.
The antibodies used were as follows: RMP-1, a murine immunoglobulin G 2a (IgG 2a ) against rat and mouse P-selectin (Walter et al, 1997) ; RME-1, a murine IgG 1 against rat and mouse E-selectin; YN1.7.4., a rat IgG 2b directed against mouse ICAM-1; 3C4, a rat IgG 2ak against mouse ICAM-2; and MK1.9.1, a rat IgG 1 against mouse VCAM-1. UPC10, a purified mouse IgG, was used in all experiments as a nonbinding antibody.
mAbs RMP-1, RME-1, YN1.7.4, and MK1.9.1. were scaled-up and purified by protein A/G chromatography at Pharmacia & Upjohn Laboratories (Kalamazoo, Michigan). 3C4 and UPC10 were purchased from PharMingen (San Diego, California) and Sigma, respectively.
Binding mAbs directed against endothelial adhesion molecules were labeled with 125 I, whereas the nonbinding mAb (UPC10) was labeled with 131 I. Radioiodination of the mAbs was performed by the iodogen method (Fraker and Speck, 1978) . The specific activity of labeled mAbs was Х0.5 mCi/mg. The following amount of mAbs were used for assessment of endothelial expression of adhesion molecules: ICAM-1: 10 g of 125 I-YN1/1.7.4 and 40 g of unlabeled YN1/ 1.7.4; ICAM-2: 10 g of 125 I-3C4 and 60 g of unlabeled 3C4; VCAM-1: 10 g of 125 I-MK1.9.1 and 20 g of unlabeled MK1.9.1; P-selectin: 10 g of 125 I-RMP-1; and E-selectin 10 g of 125 I-RME-1. In all cases 10 g of 131 I -UPC10 was added to the injection mixture. Doses of mAbs against adhesion molecules have been proved to be saturating under stimulation conditions in previous assays (Eppihimer et al, 1996; Henninger et al, 1997) . At the time of the study, anesthesia was induced as described above. The right carotid artery and right jugular vein were cannulated. The mixture of binding and nonbinding mAbs was administered through the jugular vein catheter. Blood samples were obtained through the carotid artery catheter 5 minutes after injection of the mAb mixture. Thereafter, the animals were heparinized (1 mg/kg sodium heparin iv) and rapidly exsanguinated. Entire organs were then harvested and weighed. 125 I (binding mAb) and 131 I (nonbinding mAb) activities in each organ and in 100-l aliquots of cell-free plasma were counted in a Cobra II gamma-counter (Packard, Meridien, Australia), with automatic correction for background activity and spillover. The injected activity in each experiment was calculated by counting a 5 l of sample of the mixture containing the radiolabeled mAbs. The accumulated activity of each mAb in an organ was expressed as nanogram of binding antibody per gram of tissue. The formula used to calculate adhesion molecule expression was as fol-lows: Endothelial expression ϭ [(cpm 125 I organ * g Ϫ1 * cpm 125 I injected Ϫ1 ) Ϫ (cpm 131 I organ * g Ϫ1 * cpm 131 I injected Ϫ1 ) * (cpm 125 I in plasma)/(cpm 131 I in plasma)] * ng injected binding mAb.
Intravital Microscopy
Leukocyte-endothelial cell interactions in colonic venules from control and DSS-induced colitic mice were studied by fluorescence microscopy at Day 7 after induction of colitis. Colitic mice had been treated since the induction of colitis with PBS, DETA/NO (1 mg/kg), or DETA alone (1 mg/kg). Anesthesia was induced by subcutaneous injection of xylazine (7.5 mg/kg; Sigma) and ketamine (150 mg/kg). The jugular vein was cannulated, a midline abdominal incision was made, and a section of the distal colon was exteriorized for observation. Mice were placed on a steel microscope board, in a position that allowed the colon to be observed through a glass slide covering a 3.5 ϫ 3.5-cm hole centered on the board. The steel board was placed on the stage of an inverted microscope (Diaphot 300; Nikon, Tokyo, Japan) equipped with a CF Fluor ϫ40 objective lens (Nikon). Rectal temperature was maintained between 36.5°C and 37.5°C, using an infrared heat lamp.
Leukocytes were in vivo labeled by injection of rhodamine-6G (0.3 mg/kg; Molecular Probes, Leiden, The Netherlands) through the jugular catheter. Fluorescence was visualized by epi-illumination at 510 to 560 nm, using a 590-nm emission filter. A CCD camera (XC-77; Hamamatsu Photonics, Hamamatsu, Japan), with a C2400 CCD camera control unit and a C2400-68 intensifier head (Hamamatsu Photonics) mounted on the microscope, projected the image onto a monitor (Trinitron 14CP1; Sony, Tokyo, Japan). Images were recorded using a videocassette recorder (SR-S368E; JVC, Tokyo, Japan) and analyzed off-line. Single unbranched submucosal and lamina propria venules with diameters (D) ranging between 25 and 35 m and a length Ͼ100 m were studied. Three to five venules per animal were recorded. The number of rolling and adherent leukocytes was measured off-line during playback of videotaped images. A leukocyte was considered adherent to the venular wall if it remained stationary for 30 seconds or longer. Adherent leukocytes were quantified as the number per 100-m length of venule. Rolling leukocytes were defined as those white blood cells circulating at a slower velocity than free-flowing leukocytes in the same vessel. Leukocyte rolling velocity was determined from the time required for a leukocyte to traverse a 50-m distance along the length of the venule and is expressed as micrometer per second. The flux of rolling leukocytes was measured as the number of white blood cells that could be seen rolling within a small (10 m) viewing area of the vessel, using the same area throughout the experiment. The number of rolling leukocytes per 100-m venule length was calculated by dividing the leukocyte flux by the leukocyte rolling velocity. Venular blood flow was estimated from the mean of the velocity of three free-flowing leukocytes (ffv), using the empirical formula V bf ϭ ffv/1.6. Venular wall shear rate was calculated assuming cylindrical geometry, using the newtonian definition ␥ ϭ 8 (V bf /D).
In Vivo Blockade of P-selectin and ICAM-1
Because supplementation of colitic animals with NO has the potential to modulate endothelial P-selectin and ICAM-1 expression, we explored the effect of simultaneous P-selectin and ICAM-1 immunoblockade on leukocyte-endothelial cell interactions in colitic animals. We compared this effect with the effect observed in colitic mice receiving DETA/NO 1 mg/kg/day.
For that purpose a group of colitic mice was studied at Day 7 after induction of colitis. Two doses of a mixture of anti-P-selectin (RMP-1; 10 g) and anti-ICAM-1 (YN1.7.4; 50 g) antibodies were injected intravenously at 3 hours and 30 minutes before the experiment. We pretreated the animals before the study because acute blockade of an adhesion molecule may not be able to dislodge an adherent leukocyte from the venular wall. Using intravital microscopy, leukocyte rolling and adhesion was quantified in colonic venules as described above.
Nitrite Levels
Nitrite levels were determined in plasma samples from control mice and from colitic mice receiving either PBS or DETA/NO (0.01, 0.1, 1, 5, or 10 mg/kg/day) at the time of study (10 days after the induction of colitis), using a colorimetric kit based on the Griess reaction (Calbiochem). These measurements were made 6 hours after administration of DETA/NO.
Measurement of IL-12 Protein Levels
Plasma IL-12 levels were measured using a commercially available kit (Endogen, Woburn, Massachusetts). Colonic protein levels of IL-12 were detected by Western blot analysis. For that purpose equal amounts of protein solution (20 g) were separated by 7.5% SDS-PAGE and transferred to nitrocellulose membranes in the presence of 20% ethanol, 25 mM Tris, and 192 mM glycine at pH 8.3. Nonspecific binding to the membrane was blocked by 5% nonfat dry milk in PBS-Tween 20 overnight at 4°C. The blots were washed twice in PBS and incubated for 1 hour with an affinity-purified rat IgG anti-mouse IL-12 mAb (1:5000) directed against the heterodimer p35/p40 (Endogen). Membranes were also incubated with a mouse IgG anti-actin mAb (ICN Biomedicals), as an internal standard. Thereafter, membranes were washed with PBS-Tween 20 and incubated with the secondary antibody for 45 minutes at room temperature. After that, the membranes were washed three times (PBS-Tween 20) and developed with the ECL detection system (Santa Cruz Biotechnology, Santa Cruz, California), dried quickly, and exposed to film. Signals were quantified by scanning laser densitometry with a computing densitometer (model 300A; Mo-lecular Dynamics, Sunnyvale, California) and Image-Quant (Molecular Dynamics, Sunnyvale, California) version 3.0 software.
Measurement of Cytokine mRNA Expression in Colonic Tissue
Mice treated with PBS or DETA/NO were killed on Day 7 with an overdose of ketamine (Ketolar) and xylazine (Sigma). Distal colon samples (Х100 mg) were then excised, snap-frozen in liquid nitrogen, and immediately processed for total cellular RNA isolation. RNA was prepared with TRIzol Reagent (Life Technologies, Grand Island, New York) following the manufacturer's instructions; concentrations were calculated from A 260 measurements. RNA integrity and loading amounts were assessed by examining 18S and 28S ribosomal RNA banding of samples electrophoresed in 1% agarose gel under denaturing conditions and stained with ethidium bromide.
Analysis of IL12p40, IL12p35, and IFN-␥ mRNA expression was made by a semiquantitative RT-PCR method. ␤Ϫactin mRNA expression was also measured as an internal control. In each reaction 1 g of total RNA was used with the appropriate primer pairs, and the sequence was amplified by the Life Technologies SuperScript One Step RT-PCR System according to the manufacturer's protocol. For IL12p40, the forward primer was 5'-CCAAGAACTTGCAGATGAA-GCC-3' and the reverse primer was 5'-GCCAACCAA-GCAGAAGACAGC-3'. For IL12p35, the forward primer was 5'-GCCAGGTGTCTTAGCCAGTC-3' and the reverse primer was 5'-CAGATAGCCCATCAC-CCTGT-3'. For IFN-␥, the forward primer was 5'-GCGTCATTGAATCACACCTG -3' and the reverse primer was 5'-CGCAATCACAGTCTTGGCTA-3'. For ␤-actin mRNA, the forward primer was 5'-TGGAATCCTGTGGCATCCATGAAAC-3' and the reverse primer was 5'-TAAAACGCAGCTCAGTAACA-GTCCG-3'. RT-PCR was performed in a thermal cycler using the following conditions: reverse transcription to cDNA, 30 minutes at 48°C; AMV reverse transcriptase inactivation and RNA/cDNA denaturation, 2 minutes at 94°C; variable number of cycles depending on the mRNA with the following phases: denaturation, 15 seconds at 94°C; annealing, 30 seconds at 55°C; extension, 1 minute at 72°C; and final extension, 7 minutes at 72°C.
Finally, amplified fragments of cDNA were resolved in 2% agarose gel electrophoresis stained with ethidium bromide. Signals were quantified by scanning laser densitometry with a computing densitometer (model 300A; Molecular Dynamics) and Image-Quant version 3.0 software.
Statistical Analysis
All data were analyzed using analysis of variance with Bonferroni as a post-hoc test and Student's paired or unpaired t test where appropriate. Correlations were measured by the least square method. All values are reported as mean Ϯ SEM. Statistical significance was set at p Ͻ 0.05.
